Succinoglycan, a symbiotically important exopolysaccharide of Rhizobium meliloti, is composed of polymerized octasaccharide subunits, each of which consists of one galactose and seven glucoses with succinyl, acetyl, and pyruvyl modifications. Production of specific low molecular weight forms of R. meliloti exported and surface polysaccharides, including succinoglycan, appears to be important for nodule invasion. In a previous study of the roles of the various exo gene products in succinoglycan biosynthesis, exoP, exoQ, and exoT mutants were found to synthesize undecaprenollinked fully modified succinoglycan octasaccharide subunits, suggesting possible roles for their gene products in polymerization or transport. Using improved techniques for analyzing succinoglycan biosynthesis by these mutants, we have obtained evidence indicating that R. meliloti has genetically separable systems for the synthesis of high molecular weight succinoglycan and the synthesis of a specific class of low molecular weight oligosaccharides consisting of dimers and trimers of the octasaccharide subunit. Models to account for our unexpected findings are discussed. Possible roles for the ExoP, ExoQ, and ExoT proteins are compared and contrasted with roles that have been suggested on the basis of homologies to key proteins involved in the biosynthesis of O-antigens and of certain exported or capsular cell surface polysaccharides.
To invade the nodules it elicits on alfalfa and establish a nitrogen-fixing symbiosis, Rhizobium meliloti strain Rm1021 needs to be able to synthesize either of two exopolysaccharides, succinoglycan or EPS II (1) (2) (3) (4) (5) . Succinoglycan is a complex acidic exopolysaccharide (6) composed of polymerized octasaccharide subunits, each of which consists of one galactose (Gal) and seven glucoses (Glcs), and carries succinyl, pyruvyl, and acetyl modifications (7) (8) (9) . A failure of R. meliloti to synthesize either exopolysaccharide leads to the formation of immature nodules that are devoid of bacteria or bacteroids (1-3, 5, 10, 11) . The defect in nodule invasion is apparently caused by the infection thread failing to initiate or aborting at an early stage (12, 13) . Several pieces of evidence suggest that for both succinoglycan (14, 15) and EPS II (16, 17) , the generation of specific low molecular weight forms of the exopolysaccharide is required for successful nodule invasion to occur and that these may serve as signals to the plant.
The mechanism of succinoglycan biosynthesis is of interest, not only because of the importance of succinoglycan for symbiosis, but also because this exopolysaccharide is representative of a major class of bacterial exopolysaccharides, such as xanthan gum (18) , that are synthesized on undecaprenol carriers (19) (20) (21) (22) . In a previous study (23) , our lab had assigned biosynthetic functions to most of the exo genes (24, 25) that are required for succinoglycan biosynthesis. Interestingly, exoP, exoQ, and exoT mutants, all of which fail to fluoresce under UV on Calcofluor plates and do not synthesize succinoglycan, were capable of synthesizing fully modified lipid-linked succinoglycan octasaccharides (23) . This observation suggested that the ExoP, ExoQ, and ExoT proteins had roles in the polymerization and͞or export of succinoglycan. However, in this earlier study, the radiolabeled nucleotide sugars UDP-Gal and UDP-Glc were introduced into R. meliloti cells that had been permeabilized by a Tris-EDTA͞freeze-thaw protocol that evidently inactivates the machinery for polymerizing the succinoglycan octasaccharide subunits (23) .
Using an improved method for introducing radiolabeled nucleotide sugars that preserves succinoglycan polymerizing activity (26, 27) , we observed things that led us to the unexpected conclusion that R. meliloti can polymerize succinoglycan subunits by two alternative mechanisms. One is an exoP͞exoQ-dependent mechanism that yields high molecular weight succinoglycan whereas the other is an exoP͞exoT-dependent mechanism that yields a class of specific low molecular weight succinoglycan oligosaccharides consisting of dimers and trimers of the octasaccharide subunit that may be important for the interaction of R. meliloti with its plant host. (26) , a mid-log culture of a R. meliloti exoR galE (exoB) strain or an exoP, exoQ, or exoT derivative grown in the supplemented Luria-Bertani described above with streptomycin, was centrifuged and the cell pellet washed repeatedly with 5% (vol͞vol) glycerol. The cells were resuspended in 5% (vol͞vol) glycerol to a final concentration of 8-10 mg of protein͞ml. In an 0.4-ml electroporation cell, freshly prepared R. meliloti cells (Ϸ1 mg of protein) were mixed with 24 nmol of UDP-Glc, 0.41 pmol (0.6 ϫ 10 6 cpm) of UDP-[ 14 C]Gal (Ϸ300 Ci͞mmol; 1 Ci ϭ 37 GBq) and the final concentration was brought to 150 l with water and kept at 0°C. Electroporation was performed at 1,500 V, 400 ⍀, and 25 F with a Bio-Rad Gene Pulser Transfection Apparatus. The resulting time constant was between 7.0-8.2. The electroporated solution was transferred to an incubation vial containing Tris⅐HCl (pH 8.2) and MgCl 2 to a final concentration of 70 and 10 mM, respectively, in a total volume of 200 l. The preparation was shaken at 30°C for 60 min. The reaction was stopped by adding 5 l of 250 mM EDTA adjusted to pH 8.0 and boiling for 5 min.
MATERIALS AND METHODS
HPLC Anion-Exchange Chromatography Coupled with Pulsed Amperometric Detection (HPAEC-PAD). A Dionex DX 500 chromatography system (Dionex) equipped with a pulsed amperometric detector (ED 40, Dionex) was used. Monosaccharides and their alditols were separated on a CarboPac MA-1 column (4 ϫ 250 mm, Dionex) with an isocratic NaOH concentration of 0.5 M at a rate of 0.4 ml͞min. The pulsed amperometric detector was operated at 0.1 mC sensitivity by using the following waveforms (potentials and durations) for carbohydrate detection: E1 ϭ ϩ0.05 V (T1 ϭ 0-0.4 s), E2 ϭ ϩ0.75 V (T2 ϭ 0.41-0.6 s), E3 ϭ Ϫ0.l5 V (T3 ϭ 0.61-1 s). The resulting chromatographic data were integrated and plotted by using the Dionex PeakNet system.
Analysis of the Low Molecular Weight Succinoglycan. Low molecular weight succinoglycan was prepared as described (14, 15) and fractionated on a column (1 ϫ 110 cm) of Bio-Gel P-6 (fine mesh, Bio-Rad), which was pre-equilibrated and eluted with pyridinium acetate buffer (0.1 M, pH 5.0). The fractions for peaks 1, 2 and 3 (see Fig. 1A ) were individually pooled and lyophilized, which were further purified by repeating the chromatography on the same Bio-Gel P-6 column. For monosaccharide composition analysis, 9 g (Glc equivalent) of the individual samples was diluted to 200 l with water, mixed with 200 l of 4 M trifluoroacetic acid in a 2.0 ml screw cap tube (Sarstedt), and hydrolyzed in a heating block at 100°C for 3.5 h. The hydrolyzates were evaporated by SpeedVac (Savant) and used for HPAEC-PAD analysis. For the determination of degree of polymerization (d.p.) of each low molecular weight succinoglycan, 9 g (Glc equivalent) of the individual samples was first reduced with 0.1 M NaBH 4 in 5 mM NaOH in a total volume of 200 l at 37°C for 7 h in a 2-ml screw cap microtube. Then the reaction mixture was neutralized with 1 M acetic acid. The mixture was passed through a column (0.5 ϫ 2 cm) of Dowex 50W-X4 (H ϩ form) to remove sodium ion and washed with water, and the eluents were evaporated to dryness and coevaporated with methanol (3 ϫ 0.5 ml) to remove traces of boric acid. The NaBH 4 -treated samples thus obtained were subjected to acidic hydrolysis and subsequent HPAEC-PAD analysis as described above.
Fractionation of the Incorporation Products. The cells were centrifuged and washed three times with 70 mM Tris⅐HCl buffer, pH 8.2 (200 l each wash). The washings were combined with the incubation supernatant. This fraction contains the excess of sugar nucleotides and the water-soluble products liberated during the incubation period. Lipid-linked intermediates were isolated by a method derived from procedures described for R. meliloti (19, 20, 23) and fractionated by TLC (23) . Gel filtration chromatography was carried out on a Bio-Gel P-4 (400 mesh; Bio-Rad) column (1 ϫ 133 cm), Bio-Gel P-6 (400 mesh; Bio-Rad) column (1 ϫ 133 cm) or Bio-Gel A5 m (200-400 mesh) column (1 ϫ 30) in 0.1 M pyridinium acetate (pH 5.0). Ferritin and CoCl 2 were used as indicators of total exclusion and inclusion, respectively. Fractions of 1.0 ml were collected. Radioactivity was detected by liquid scintillation counting in Hydrofluor (National Diagnostics).
RESULTS
Analysis of the Low Molecular Weight Succinoglycan. Interpretations of the data presented in this paper critically depend on knowing the identity of the low molecular weight forms of succinoglycan produced by R. meliloti. A previous study (14) stated that the succinoglycan found in the culture supernatant consists of tetramers, trimers, and monomers of the succinoglycan repeating subunit in addition to the high molecular weight polymer. This limited range along with the curious fact that dimers of the succinoglycan subunit were not reported, led us to re-examine the identity of these low molecular weight forms by using HPAEC-PAD as a sensitive analytical tool. When the low molecular weight succinoglycan was fractionated on a Bio-Gel P-6 column by using pyridinium acetate buffer (0.1 M, pH 5.0) as the eluent, three major carbohydrate peaks were detected (anthrone-sulfuric acid assay) and separated ( Fig. 1 A) . Each peak represents a succinoglycan species because none of them are produced by R. meliloti exo mutants such as exoY that are completely deficient in succinoglycan production. In addition, compositional analysis by HPAEC-PAD revealed that the three peaks all consisted of Glc and Gal in a ratio of 7:1, regardless of their molecular size, indicating that they are monomers or oligomers of succinoglycan. To determine the d.p., each peak fraction was subjected to NaBH 4 reduction. This treatment would convert the reducing end Gal to a galactitol (Gal-ol) moiety and, after complete acidic hydrolysis, the samples would give Gal-ol, Gal, and Glc in a ratio of 1: (n-1): 7n (where n represents the d.p.). Under our running conditions of HPAEC-PAD (see Materials and Methods), the Gal-ol, Glc, and Gal were well separated and appeared at 19.2, 25.1, and 28.0 min., respectively ( Fig. 1 B-D) . Quantitative determination of the ratios ( Table 1 data yielded by mass spectrometry of the reduced and deacylated samples of each peak fraction (data not shown).
Synthesis of Succinoglycan After Electroporation of Sugar Nucleotides into an exoR galE Strain. Our analyses of succinoglycan biosynthesis were carried out in an exoR galE background (23) . The exoR mutation results in increased expression of the exo genes (30) whereas the galE (formerly exoB) gene encodes the UDP-Glc-4-epimerase (31, 32) that normally provides the UDP-Gal needed for succinoglycan biosynthesis. After electroporation of UDP-[ 14 C]Gal and unlabeled UDPGlc into an exoR galE strain and a period of incubation, the lipid-linked intermediates were extracted and the oligosaccharides they carried were removed by mild acid hydrolysis. Examination of the resulting oligosaccharides revealed not only the fully modified octasaccharide subunits observed in our previous study (23) but also additional higher molecular weight material at the origin of the TLC. P4 column chromatography of the oligosaccharides that had been cleaved from the lipid carrier revealed that, in addition to the monomeric octasaccharide subunit, radiolabeled material was present that eluted at the positions for the dimers and trimers of the octasaccharide described above as well as material large enough to be excluded from the column (Fig. 2A) .
After the electroporation and incubation, the medium was also found to contain radiolabeled material that eluted from a P4 column at the positions expected for the monomeric succinoglycan octasaccharide and for dimers and trimers of this octasaccharide subunit. In addition, higher molecular weight material was present that was excluded from the P4 column (Fig. 2B) as well as from a P6 column (Fig. 2C) . None of these species were present if the cells also carried an exoY mutation, which specifically blocks the first step of succinoglycan biosynthesis. In addition, this high molecular weight material was treated with a preparation of Cytophaga arvensicola succinoglycan depolymerase, an enzyme that specifically cleaves succinoglycan at its Gal-␤(1, 4)-Glc bond to yield the same fully modified octasaccharide subunit that is produced biosynthetically (33) . Before treatment, this high molecular weight material was excluded from a Bio-Gel A5 m column (5,000,000 Da exclusion limit) but after it was almost completely degraded to a lower molecular form, which migrated at the same position as the fully modified succinoglycan octasaccharide upon TLC (data not shown). Taken together, these observations indicated that the use of the electroporation protocol allowed succinoglycan biosynthesis to proceed considerably farther that in our previous study by using the Tris-EDTA͞freeze-thaw protocol (23) in which we had only observed lipid-linked monomeric octasaccharide subunits and only monomeric octasaccharides were present in the medium.
An exoP Mutation Blocks the Polymerization of Succinoglycan Octasaccharide Subunits. We similarly electroporated UDP-[ 14 C]Gal and unlabeled UDP-Glc into an R. meliloti exoR galE exoP strain and examined both the lipid-linked oligosaccharides and the oligosaccharides present in the medium. In contrast to the parental exoR galE strain, the only lipid-linked intermediate extracted from the exoP468::Tn5 derivative, after the mild acid hydrolysis, eluted from a P4 column at the same position as the monomeric succinoglycan octasaccharide subunit (Fig. 2D) . Furthermore, the only radiolabeled species found in the medium eluted from P4 and P6 columns at the same position as the succinoglycan octasaccharide subunit (see Fig. 2 E and F) . Because the Tn5 insertion in the exoP468 allele disrupts the exoP ORF within the N-terminal periplasmic domain, it most likely results in complete loss of exoP function (25) . Thus, these observations indicate that loss of exoP function blocks any polymerization of the succinoglycan octasaccharide subunits.
An exoT Mutant Produces a High Molecular Weight Form of Succinoglycan But Not Certain Low Molecular Oligosaccharides of Succinoglycan. A similar analysis of the radiolabeled material synthesized by a R. meliloti exoR galE exoT mutant revealed marked differences from the exoR galE parent and the exoP derivative. In addition to the monomeric succinoglycan octasaccharide subunit, the lipid-linked fraction that had been subjected to mild acid hydrolysis also included radiolabeled material that was of high enough molecular weight to be excluded from a P4 column (Fig. 2G) . Strikingly, no material eluted from the P4 column at the positions expected from dimers and trimers of the octasaccharide subunit. Furthermore, analyses of the radiolabeled material in the medium showed that it contained both a species that eluted from the P4 column at the position expected for the monomeric succinoglycan octasaccharide subunit and a form that was excluded from both P4 and P6 columns (Fig. 2 H and I) .
As with the lipid-linked intermediates, no material was present that eluted at the positions expected for dimers and trimers of the octasaccharide subunit. These observations indicated an exoT mutant synthesizes high molecular weight forms of succinoglycan without accumulating dimers and trimers of the octasaccharide either on lipid carriers or in the medium.
An exoQ Mutant Produces Certain Low Molecular Weight Oligosaccharides of Succinoglycan But Not Higher Molecular
Weight Succinoglycan. Electroporation of radiolabeled UDP-[ 14 C]Gal and UDP-Glc into an R. meliloti exoR galE exoQ mutant revealed that its ability to synthesize succinoglycan was different from the exoR galE parent, the exoP derivative, and the exoT derivative. In addition to the monomeric succinoglycan octasaccharide subunit, the lipid-linked fraction that had been subjected to mild acid hydrolysis treatment also included radiolabeled material that eluted from the P4 column at the positions expected for dimers and trimers of the octasaccharide subunit (Fig. 2 J) . However, in contrast to the exoR galE parent and its exoT derivative, no radiolabeled material of high enough molecular weight to be excluded from a P4 column was present in the lipid-linked fraction. Furthermore, analyses of the radiolabeled material in the medium showed that it contained, not only a species that eluted from the P4 column at the position expected for the monomeric succinoglycan octasaccharide subunit, but also species eluting at the positions expected for oligosaccharides consisting of dimers and trimers of the octasaccharide subunit. The material did not contain high molecular weight polysaccharide ( Fig. 2 K and L) . As with the lipid-linked intermediates, no material was present that was excluded from both P4 and P6 columns. These observations indicated an exoQ mutant synthesizes dimers and trimers of the octasaccharide without accumulating high molecular weight forms of succinoglycan either on lipid carriers or in the medium.
DISCUSSION
We have analyzed the roles of the R. meliloti ExoP, ExoQ, and ExoT proteins in the latter stages of the biosynthesis of succinoglycan, a symbiotically important exopolysaccharide. A R. meliloti strain that is wild type with respect to these three functions synthesizes: (i) fully modified octasaccharide subunits, (ii) dimers and trimers of the octasaccharide, and (iii) high molecular weight succinoglycan. Analysis of exoP, exoQ, and exoT derivatives by using an electroporation protocol to introduce radiolabeled nucleotide sugars revealed that each mutant had a different defect in succinoglycan biosynthesis. The exoP derivative produced only the octasaccharide subunit. The exoT derivative produced octasaccharide subunit and also high molecular weight succinoglycan. The exoQ derivative produced octasaccharide subunit and also dimers and trimers of the octasaccharide. In each case, the same species were seen both free in the medium and in lipid-linked forms. The analytical method we used is extremely sensitive, thus enabling the detection of the small amounts of polymerized radiolabeled succinoglycan found in the medium of exoQ and exoT mutants (0.002-0.003 pmol of succinoglycan hexose͞10 8 cells after the 1-hr time course of the experiment). This may account for the fact that we were able to detect the synthesis of succinoglycan material in exoQ and exoT mutants despite the fact that exoP, exoQ, and exoT derivatives of R. meliloti form nonfluorescing colonies under UV when grown on Calcofluor-containing medium. It is also possible that the electroporation procedure may have slightly damaged the cells and facilitated release of polymerized succinoglycan material into the medium despite the lack of ExoQ and ExoT function. In any case, the differences between the exoP, exoQ, and exoT mutants are so striking it seems likely that they reflect physiologically relevant roles of these three gene products.
Our unexpected observation that we can genetically separate the synthesis of oligosaccharides consisting of dimers and trimers of the octasaccharide subunit from the synthesis of high molecular weight succinoglycan is intriguing because of the apparent role of low molecular weight forms of exopolysaccharides in nodule invasion by R. meliloti (14) (15) (16) and because of the suggestion that the tetramer of the octasaccharide might be the specific species required in the case of succinoglycan (14) . The evidence we have provided here indicates that the species previously identified as a tetramer of succinoglycan octasaccharide subunits (14) is, in fact, a trimer. It is additionally interesting because R. meliloti is known to modulate the molecular weight distribution of the succinoglycan it produces in response to environmental conditions (34) . It is possible that the direct synthesis of a specific size class of succinoglycan oligosaccharides, perhaps in response to some environmental conditions encountered during the nodulation process, might play an important role in the organism's ability to enter into a productive symbiosis with its plant host. Furthermore, it appears that R. meliloti has a substantial genetic investment in controlling the molecular weight of the succinoglycan it synthesizes because it also encodes at least two secreted proteins, ExoK (25, 35) and also ExsH (36) , that can depolymerize succinoglycan to yield low molecular weight material (36) . Our observation that exoK exsH double mutants are symbiotically proficient (36) raises the possibility that low molecular oligosaccharides necessary for nodule invasion are produced by the direct biosynthetic mechanism, which our investigations have revealed, rather than by degradation of high molecular weight succinoglycan polymer.
Our analyses of the properties of the exoP, exoQ, and exoT mutants have interesting implications for the latter stages of succinoglycan biosynthesis, in particular for how the octasaccharide subunits are polymerized to yield the specific oligosaccharide size class consisting of dimers and trimers of the octasaccharide subunit as well as high molecular weight succinoglycan. Formally, there are three classes of models for how the polymerization of succinoglycan subunits could occur. In the linear pathway model (Fig. 3A) , all low molecular weight lipid-linked oligosaccharides can potentially be elongated to high molecular weight succinoglycan, after a mechanism similar to the one previously proposed for xanthan gum, where the new repeating subunits are transferred from the lipid carrier to the reducing end of the growing polysaccharide (22) . A pool of dimers and trimers of the octasaccharide subunit would accumulate if step III was slow compared with all other polymerization steps. In the branched pathway model (Fig.  3B) , the pool of lipid-linked dimers of the octasaccharide subunit is partitioned between two separate pathways, one of which specifically produces dimers and trimers of the octasaccharide subunit that are not further elongated and while the other specifically produces high molecular weight succinoglycan. In the parallel pathway model (Fig. 3C) , the dimer and trimer class of oligosaccharides is synthesized by a pathway that is completely separate from the one which produces high molecular weight succinoglycan. The latter two models differ from the first in that they involve the synthesis of a specific class of trimers of the octasaccharide subunit that are not substrates for further elongation.
For all of the models, the very high molecular weight succinoglycan can reach without accumulating tetramers and higher oligomers of the octasaccharide subunits can be explained if the polymerization steps after step II proceed with very high processivity. Regardless of which model is being considered, our observation that the same succinoglycan species were found in both lipid-linked forms and in the medium supports our previous speculation (23) that polymerization of the octasaccharide subunits occurs on a lipid carrier.
For all three models, the failure of the exoP null mutant to accumulate any polymerized octasaccharide subunits whatsoever could be explained economically by postulating that ExoP is required for the polymerization event that generates the dimer of the octasaccharide subunit, perhaps even being the polymerase that carries out that specific polymerization step. Such a hypothesis does not exclude the possibility that ExoP could be required for some or all of the subsequent polymerization steps in any of the models. An alternative possibility is that ExoP has no polymerization function of its own but instead regulates the degree of polymerization of succinoglycan by controlling polymerization activities of one or more proteins, ExoT and ExoQ being the prime candidates. If that were the case, to account for our results, it would be necessary to postulate that both ExoT and ExoQ can synthesize the dimer of the octasaccharide subunit because polymerized product greater than a dimer is seen in both exoT and exoQ mutants. Regardless of how ExoP acts, its C-terminal cytoplasmic domain is not obligatorily required because cells containing only the membrane-anchored N-terminal periplasmic domain of ExoP (37) can synthesize high molecular weight succinoglycan under high osmotic conditions (38) .
The possible roles that the ExoQ and ExoT proteins, each of which appear to span the membrane several times, might play in succinoglycan biosynthesis depend on which of the three models is being considered. In both the branched and parallel pathway models, ExoQ could serve as a highly processive polymerase that efficiently elongates dimers of the octasaccharide to yield high molecular weight material whereas ExoT could serve as a decidedly nonprocessive polymerase that efficiently elongates dimers of the octasaccharide to yield only trimers. Whether ExoQ and ExoT also would synthesize the dimer of the octasaccharide itself would depend on the considerations regarding ExoP function that are discussed above. Using the linear pathway model (Fig. 3A) , the results we observed could be explained by postulating that ExoT promotes termination of polymerization after Step III whereas ExoQ suppresses termination of polymerization after step III. The balance of their opposing action then would give rise to the distinctive distribution of dimers and trimers and high molecular weight material that is observed in a wild-type cell. It is difficult to accommodate the possibility of ExoQ or ExoT being a polymerase within a linear pathway model.
The mechanism of succinoglycan biosynthesis shares certain key features with the biosynthetic mechanisms of various other exopolysaccharides (e.g., xanthan gum, acetan, colanic acid), certain O-antigens, and certain capsular polysaccharides (39) . For all of these, the carbohydrate subunit is sequentially assembled on an undecaprenol carrier on the cytoplasmic face of the plasma membrane and then subsequently polymerized in a blockwise fashion. The synthesis of this class of O-antigen has been the object of intense investigation and three gene products-Wzz (Rol͞Cld), Wzx (RfbX), and Wzy (Rfc)-have been identified as being crucial for the steps subsequent to the assembly of the undecaprenol-linked subunit.
Becker et al. (37) suggested that ExoP, as well as proteins involved in polysaccharide synthesis in other bacteria, might be a member of the Wzz (Rol͞Cld) family of proteins involved in chain length determination (40) (41) (42) and subsequently additional proteins have been similarly classified (43) . A careful analysis of the proteins associated with the biosynthesis of surface polymers reveals two major groups of ''Wzz (Rol͞ Cld)-like'' proteins. The first group, which is mostly involved in capsule biosynthesis, is Ϸ42,000 Da in molecular mass and shares homology between themselves [e.g., CtrB (44), BexC (45) ]. The second group, which is mostly involved in exopolysaccharide biosynthesis, contains proteins that are larger in size (Ϸ80,000 Da) and has a large C-terminal cytoplasmic domain that Wzz lacks. Most of the proteins in this group have similarities among themselves [e.g., ExoP, AmsA (46), Wzc (47) , and EpsB (48) share very similar hydrophilicity plots]. Our results are not compatible with ExoP solely carrying out a dispensable regulatory role in succinoglycan polymerization and indicate that ExoP must play some critical role in succinoglycan biosynthesis that is either enzymatic (e.g., it could catalyze the formation of dimers of the octasaccharide as discussed above) or structural (e.g., it could form a complex with ExoQ and ExoT that is necessary for their function).
Wzx (RfbX) is widely referred to as being a ''flippase'' that is thought to translocate the undecaprenol-linked O-antigen subunits across the membrane so that the carbohydrate moiety is on the periplasmic side (40, 49) . The ExoT protein is a member of a group of proteins that share homology and predicted topological similarities with the Wzx (RfbX) protein (47) . Our observation that exoT mutants can still synthesize high molecular weight succinoglycan, a process that presumably takes place in the periplasm, cannot be accounted for by simply postulating that ExoT is the flippase for succinoglycan biosynthesis and raise the possibility that the Wzx (RfbX) protein may have an additional role besides being a flippase or may even have a different role entirely. Considerable evidence indicates that Wzy (Rfc) is the polymerase that responsible for polymerizing the O-antigen subunits (39, 40) , an event that occurs on the periplasmic face of the cytoplasmic membrane (50) . The ExoQ protein shows only limited homology with one polysaccharide synthesis gene in searches of the current databases. The size and predicted topology of ExoQ are reminiscent of Wzy (Rfc) proteins and our branched and parallel pathway models are compatible with ExoQ serving as a highly processive polymerase that yields high molecular weight succinoglycan. Our results suggest that some caution should be exercised in efforts to assign possible functions to polysaccharide synthesis genes on the basis of sequence homology alone without concomitant biochemical studies (51) . It will be interesting to see whether other bacteria besides R. meliloti similarly have a biosynthetic mechanism for producing a specific size class of oligosaccharide related to exported or cell surface polysaccharides and, if so, whether these play as-yet-undiscovered roles in interactions with other organisms.
